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ABSTRACT Synthetic oligonucleotides with a fluorescent coumarin group replacing a basepair have been used in recent
time-resolved Stokes-shift experiments to measure DNA dynamics on the femtosecond to nanosecond timescales. Here, we
show that the APE1 endonuclease cleaves such a modified oligonucleotide at the abasic site opposite the coumarin with only a
fourfold reduction in rate. In addition, a noncatalytic mutant (D210N) binds tightly to the same oligonucleotide, albeit with an 85-
fold reduction in binding constant relative to a native oligonucleotide containing a guanine opposite the abasic site. Thus, the
modified oligonucleotide retains substantial biological activity and serves as a useful model of native DNA. In the complex of the
coumarin-containing oligonucleotide and the noncatalytic APE1, the dye’s absorption spectrum is shifted relative to its spectrum
in either water or within the unbound oligonucleotide. Thus the dye occupies a site within the DNA:protein complex. This result is
consistent with modeling, which shows that the complex accommodates coumarin at the site of the orphaned base with little
distortion of the native structure. Stokes-shift measurements of the complex show surprisingly little change in the dynamics

within the 40 ps—40 ns time range.

INTRODUCTION

Polarity is a familiar concept in chemistry that expresses the
ability of a solvent to stabilize charge separation (1). Solvent
polarity strongly affects rates of reactions involving charge-
separated transition states or products (1,2). However, in bio-
chemical reactions, the local environment of the reactions is
often not a solvent, but a macromolecule. How do concepts
such as polarity translate to such an environment? In solu-
tion, it is known that the polarity is generated by subnano-
second motion of solvent molecules. Computer simulations
show extensive and complex motion in DNA on those time-
scales (3—5). However, there has been little experimental
data on these motions until recently.

We introduced time-resolved Stokes-shift (TRSS) experi-
ments for the measurement of polarity-related dynamics in
DNA (6). This technique relies on synthetic oligonucleotides
in which a fluorescent coumarin group replaces a native base
(Fig. 1) (7). An abasic-site analog (THF) (8) is placed on the
complementary strand opposite the coumarin. [The coumarin
is large enough to fill the space between the backbones when
the coumarin is opposite an abasic site (6).] The absorption
and emission spectra of the coumarin group are sensitive to
the polarity of its immediate environment (9,10). The shifts
of these spectra in different solvents provide a quantitative
measure of solvent polarity (11-13). In a similar fashion, the
analysis of time-resolved emission spectra from coumarin-
containing oligonucleotides probes the effective polarity in
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DNA and the mechanisms creating it. The effective polarity
of DNA can affect biochemical reactions of DNA if they
involve charge separation, just as the polarity of simple sol-
vents affects the rates of nonbiological reactions.

Two important questions arise in using these modified
oligonucleotides as models of native biochemistry: How
much does the introduction of the nonnative fluorophore
affect the properties of the oligonucleotide? Does the for-
mation of a DNA:protein complex, which is necessary for
many biochemical reactions, significantly alter the condi-
tions relative to a bare oligonucleotide? To address these
questions, this article looks at the interaction of a coumarin-
modified oligonucleotide with APEI1, an abasic-site endo-
nuclease that is part of the human base-excision repair
pathway (14,15). Oligonucleotides containing an abasic site
opposite either a coumarin or a normal guanine are compared
with regard to both cleavage rate and binding constant. These
studies test the degree to which the substitution of a native
base by a coumarin alters the functioning of the DNA. They
also lead to conditions where a stable complex of the cou-
marin-containing oligonucleotide and a noncatalytic mutant
of APE1 is formed. TRSS measurements of the dynamics in
the DNA:protein complex are then compared to similar mea-
surements on uncomplexed DNA. In these measurements,
the conditions at the active site of the APE1 are not probed.
However, the measurements do address the general question
of whether the unusual dynamics seen in bare DNA persist in
complexes with proteins.

The TRSS experiment is based on a chromophore, such
as coumarin, that has a larger dipole moment in the excited
state than in the ground state. Upon excitation of the
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FIGURE 1 Chemical structure of the coumarin chromophore and the op-

posing abasic-site analog in the 17-mer oligodeoxynucleotide.

chromophore, the increased electric field associated with
the excited-state dipole extends into the DNA and water
surrounding the chromophore. All elements of the local
structure that have a charge experience a new force. These
elements move into a new configuration at a rate depending
on the intrinsic dynamics of the DNA. As the new config-
uration is formed, the local electric field at the chromophore
changes so as to stabilize the excited-state dipole. As the
excited-state is stabilized, the fluorescence from the chro-
mophore shifts to lower frequency. The TRSS experiment
consists of measuring the frequency of the fluorescence (the
Stokes shift) as a function of time after excitation. The size
of the Stokes shift directly reflects the progress of the reor-
ganization of the DNA and the nearby water and counterions.

When the TRSS experiment is performed on a chromo-
phore free in solution, the final size of the Stokes shift is a
measure of the total ability of the solvent to stabilize a new
charge distribution. The total ability of a solvent to stabilize
charge is commonly referred to as the ‘‘polarity’’ of the
solvent (11-13) and the rate of stabilizing the charge con-
stitutes the *‘solvation dynamics’’ (9). DNA is a more complex
and structured environment than a simple solvent. Nonethe-
less, the size and rate of the Stokes shift of coumarin in DNA
can be regarded as the effective polarity and solvation dy-
namics experienced in the interior of DNA. Both factors
significantly affect the rates of chemical reactions (1,2). A
good example is the recent study of O’Neill and Barton,
which showed that freezing the motion in DNA effectively
stops long range electron transfer (16).

TRSS experiments in bare DNA have shown that the
solvation dynamics in DNA are both strong and qualitatively
different than those in a simple solvent. In terms of total
polarity, the interior of DNA is similar to ethanol (17). How-
ever, it takes a relatively long time for the polarity to respond
to changes in the charge distribution. In low viscosity sol-
vents, solvation times typically range from 1 to 100 ps (18).
In contrast, solvation in DNA is broadly distributed in time,
from <40 fs to >40 ns and follows a power law in time
(19,20). Multiple-relaxation times in DNA have also been
seen by Zewail’s group using 2-aminopurine as the chro-
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mophore (21). Lesions to the normal DNA structure can add
additional relaxation processes (17).

For these studies to have relevance to biological DNA,
the coumarin must occupy a position in the helix typical of
a native basepair, and the properties of coumarin-containing
DNA must be substantially the same as those of native DNA.
Several results suggest that these conditions are fulfilled. The
absorption spectrum of the coumarin is red-shifted relative to
its position in water, showing that the coumarin does not flip
to an extrahelical position (6). Molecular modeling of the
coumarin in an oligonucleotide places the coumarin in the
interior of DNA with only minor distortions of the overall
structure (6). The coumarin is effectively shielded from the
addition of a fluorescence quencher to the solution (Supple-
mental Material), confirming that the coumarin is embedded
into the helix.

This study makes a more rigorous test of coumarin-
containing DNA as a biologically relevant model system by
testing its biological activity with the APE1 endonuclease,
also known as HAP1, APEX, and Refl (14,15). APE1 is the
predominant apurinic/apyrimidinic (AP) endonuclease in hu-
mans. It is a key component in base-excision repair, which is
the primary defense mechanism against DNA damage such
as alkylation, oxidation, or deamination of DNA bases (22,23).
The pathway is initiated by DNA glycosylases, which re-
move the damaged base to create an abasic site in the DNA
(24,25). Abasic sites also form by spontaneous or chemically
induced hydrolysis of the N-glycosidic bond (14,26,27).
APEI begins the repair of an abasic site by cleaving the
phosphodiester bond 5’ to an abasic site, leaving a 3'-OH
group and a 5'-deoxyribose-5-phosphate residue (14,15). APE1
also efficiently cleaves the abasic-site analog used in this
article (Fig. 1), which lacks the 1'-hydroxyl of a naturally
occurring abasic site (28).

This article begins by modeling the DNA:APE1 complex
using the known crystal structure. The modeling shows that
the coumarin can reside near the position of a native base
without significant distortion of the structure.

In the next section, the cleavage rate of coumarin-con-
taining DNA is compared to the rate for native DNA. We
will see that native APE1 is still able to specifically cleave at
an abasic site when it is opposite a coumarin group instead of
a native base.

Site-directed mutagenesis studies have revealed that as-
partate 210 is crucial for the catalytic endonuclease activity
of APE1. An asparagine substitution (D210N) results in a
mutant of APE1 that lacks endonuclease activity, but retains
the ability to bind to abasic sites (29,30). In a second set of
studies, we measure the binding of this mutant to an abasic
site opposite a coumarin group. The binding constant is 85
times lower than to an abasic site opposite a guanine, but the
binding remains strong and specific.

Using these results, samples of the complex of the DNA
and the mutant APE1 were prepared for spectroscopic stud-
ies. The steady-state spectra also show that the coumarin
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remains embedded in the complex and is not expelled into
the surrounding water. The favorable results from all these
studies allow us to undertake our final goal of measuring the
change in DNA dynamics upon formation of the complex
with the APE1 protein.

A number of TRSS experiments have been performed on
proteins alone (31-38). Essentially equivalent information
can also be obtained from photon-echo based techniques
(39,40) or from vibrational-echo methods (41). In proteins,
both extrinsic and intrinsic fluorophores have been used, and
they have been located both at the protein surface and in the
interior of the protein. In general, components of the dy-
namics slower than normal water are found and are attributed
either to protein motions or perturbed dynamics of nearby
water.

Only one previous study, by Zewail’s group, has looked
at the TRSS in a DNA-protein complex (42). Histone 1 was
labeled at several amine groups on the histone surface with
a fluorescent dye to monitor dynamics at the histone surface.
Upon binding to calf thymus DNA, the average TRSS signal
from the dye molecules showed a modest slowing. In com-
parison to that study, these measurements focus on the DNA
dynamics, rather than the protein dynamics. The structure
being measured is also better defined in this study.

The x-ray structure of the cocrystal of APE1 bound to
DNA shows severe disruption of the DNA structure near
the abasic site (43). A number of proposals could be made for
the effect of protein on the polarity and solvation dynamics
experienced within the DNA. Because the relatively low
dielectric protein displaces water, the net polarity might be
reduced. If mobile counterions are replaced by relatively
static protein charges, the solvation dynamics might be slowed.
On the other hand, the disruption of the normal helical struc-
ture upon binding might open up the interior DNA to create
greater exposure to the solvent, or the disruption of base-
pairing might allow the DNA structure to fluctuate more
strongly. Either effect would increase both the size and rate
of solvation dynamics.

In reality, our results show little change in the dynamics
upon binding to the protein. A small difference in the earliest
measured Stokes shift may indicate a change in the dynamics
at shorter times. However, from 40 ps to 40 ns, the dynamics
with and without the protein are nearly indistinguishable.

MATERIALS AND METHODS
Oligonucleotide preparation

The oligodeoxynucleotide 5'-GCATGCGC(coumarin) CGCGTACG-3' con-
taining coumarin-102 C-deoxyriboside was synthesized as described
earlier (6,7). The complementary strand containing a tetrahydrofuran (THF)
abasic-site analog opposite the coumarin was obtained commercially.
For the binding and incision experiments, the complementary strand was
labeled with *2P at the 5'-end before annealing to the coumarin-modified
strand. Identical samples with guanine in place of the coumarin served as
controls.
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Cleavage and binding studies

The wild-type and D210N mutant of APE1 were purified as described
previously (29). For the cleavage studies, wild-type APE1 (0.02 ng) was
incubated with the *?P-labeled oligodeoxynucleotide (1 nM in helices) in a
total volume of 10 ul at 37°C for various times. The reaction buffer con-
sisted of 50 mM Tris-HCI, 1 mM EDTA, 5% glycerol, | mM MgCl,, and
100 ng of bovine serum albumin (BSA) at pH 7.2. After the addition of for-
mamide loading dye, the samples were loaded onto a 20% denaturing poly-
acrylamide (19:1) gel, and the gel was run at a constant current of 30 mA
for ~1 h. Gels were visualized using a Molecular Imager FX and quantified
using Quantity One software (Bio-Rad, Hercules, CA).

Binding was determined by an electromobility shift assay. For these
studies, various concentrations of the catalytically inactive D210N mutant of
APEI were incubated with the same oligonucleotides (0.1 nM in helices) as
in the cleavage studies in a total volume of 10 wl for 30 min at room tem-
perature in the same reaction buffer. At the end of the incubation, glycerol
loading dye was added, the samples were loaded onto a 10% nondenaturing
polyacrylamide (37.5:1) gel, and the gel was run at a constant voltage of 150
V for 2 h. Gels were visualized and quantified as above. For the binding
competition assays, the conditions were as above, except that unlabeled
competitor duplex (guanine:THF or coumarin:THF) were added before the
addition of D210N APEL. The gels shown are representative of four inde-
pendent experiments.

Steady-state and time-resolved spectroscopy

Samples for optical spectroscopy required both higher DNA concentra-
tions and larger volumes than the samples for gel studies. A stock solution of
double stranded DNA was prepared by annealing the two single strands in
100 mM, pH 7.2 sodium phosphate buffer at a DNA concentration of 14 uM
(in helices). The concentration of DNA was calculated from the absorbance
of the solution at 260 nm. A first sample of the DNA:APEI complex was
prepared by adding D210N-APE] stock solution (28 uM APEI1 in 50 mM
HEPES, 150 mM KCl, 10% glycerol, pH 7.4) and reaction buffer to a dried
aliquot of DNA stock solution. The same reaction buffer was used as in the
binding studies, but without the BSA. The final concentrations of D210N-
APEIl and DNA oligonucleotide were 7 uM and 5 uM (in helices), re-
spectively. Binding studies indicate that the DNA will be fully bound at
these concentrations, i.e., 2 uM free protein (see Fig. 5 below).

The measurements were repeated on a second sample. This sample was
made in the same way, except that the final concentration of D210N-APE1
was 10 uM. Thus, the free protein concentration was 2% times higher than in
the first sample. Spectra and TRSS measurements on the two samples were
within experimental error of each other, confirming that the DNA is fully
bound in both samples. The reported results are averages of the two samples.

A corresponding sample of uncomplexed DNA was prepared in the same
way as the complex, except that a protein-free aliquot of the protein buffer
was substituted for the APEI aliquot.

A control sample was prepared with the protein and the DNA buffer, but
no DNA. This sample showed no detectable fluorescence under the con-
ditions of either the steady-state or time-resolved measurements.

Steady-state emission and excitation spectra were collected using magic-
angle polarization. Emission spectra were collected by exciting the samples
at 390 nm. Excitation spectra were collected by detecting at 500 nm.
Excitation and collection bandpasses were 4 nm in all cases. The sample
cells were silanized to reduce scattered light from DNA and protein stuck
to the cell walls. The raw emission spectra were corrected for instrumental
sensitivity by using a correction factor obtained from a quinine-sulfate
standard (44). All spectra were converted to susceptibility versus frequency
before analysis (17).

Steady-state spectra in a rigid glassy matrix were measured by adding
glycerol to the samples to make a 1:3 solution of buffer and glycerol. The
room-temperature absorption spectrum shifted by <2 nm upon addition of
the glycerol. The samples were frozen in a dry-ice/acetone bath.
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Time-resolved emission spectra were measured by time-correlated single-
photon counting as described previously (17). In brief, ~100 fs pulses from
a mode-locked Ti:sapphire laser were frequency doubled in a 1-mm BBO
crystal to 390 nm. The 80-MHz repetition rate of the laser was reduced to
6 MHz by an acoustooptic pulse selector. Fluorescence was collected at right
angles to the excitation beam and passed through a Glan-laser polarizer at
magic-angle (54.7°) to the excitation polarization. The fluorescence passed
through a 2-nm bandpass single monochromator before detection on a
microchannel plate and timing by single-photon counting electronics. The
typical instrument response of the system was 45 ps (full width at half-
maximum). Transients were collected at 13 different wavelengths ranging
from 425 to 620 nm for each sample. Using the transients in conjunction
with the steady-state emission spectrum, time-resolved emission spectra
were reconstructed by standard methods (45). The frequency points were in-
terpolated, and the spectral positions were characterized as the first moments
as described before (17).

With a sample volume of 30 uL, sample degradation could be observed
as changes in the absorption spectrum after prolonged exposure to 3 mW of
excitation power. The total data collection time was limited to ~3 h to avoid
significant degradation. Nonetheless, a total of 107 counts were collected at
each wavelength, except the two most extreme wavelengths, where 10°
counts were collected.

Modeling

The coordinates for the DNA:APEI cocrystal structures were obtained from
the Brookhaven database (1DE8 and 1DE9) (43). Structure visualization and
modeling was carried out on an SGI Indigo2 Impact workstation with an
IRIX 6.5 operating system and Turbo-Frodo (version 5.5) software (Silicon
Graphics, Mountain View, CA). Energy minimizations were carried out
using SYBYL 7.0 (Tripos, St. Louis, MO).

RESULTS

Modeling of coumarin within the
DNA:APE1 complex

In general, if a native DNA base is replaced by a group with a
similar size and shape, the modified DNA retains much of
the structure and even function of native DNA (46,47). Like
a native base, coumarin is a flat aromatic molecule, but it is
larger than a single base. Modeling of coumarin-modified DNA
shows that it replaces an entire basepair, effectively filling
the otherwise empty opposing abasic site (6). The DNA struc-
ture is not changed significantly by the modification.

In the DNA:APE1 complex, there is a concern that the
large coumarin group might not be compatible with the na-
tive structure of the complex. If so, the binding might be
weak, the coumarin might be expelled from the normal posi-
tion of the orphan base, or the complex might be otherwise
distorted. As a first step toward addressing these concerns,
we constructed models based on the cocrystal structure of
APE1 bound to DNA containing a native abasic-site and an
orphaned guanine (43). This structure shows that the DNA is
kinked sharply near the abasic site as the abasic sugar is
twisted into the catalytic pocket (Fig. 2 A). In Fig. 2 A, the
orphaned guanine remains stacked against the cytosine im-
mediately above (5') and is near the surface of the protein.
However, the kink in the DNA leaves the orphaned guanine
exposed to solvent on its major-groove face and below.
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FIGURE 2 (A) Large-scale view of the DNA:APE1 complex, showing
a strong kink in the DNA (43). The protein is represented by red tubes and
the DNA by sticks. The positions of the orphaned guanine opposing the
abasic site and active site are marked by arrows. (B) Closeup of the local
structure near the native orphaned base (guanine). (C) Closeup of the local
structure after replacement of the guanine by coumarin and after relaxation
of the structure. Only one of the three rotamers of Arg-177 is shown.

We modeled the modified complex by replacing the gua-
nine in the native structure (Fig. 2 B) with coumarin and al-
lowing rotation about the glycosidic bond. The coumarin fits
comfortably in place of the native guanine within the DNA.
Only two amino acids from APE1 are in proximity to the
coumarin. A methionine (Met-270) comes no closer than 3.89
A from the coumarin, too far to create a steric clash. An
arginine (Arg-177) comes within 1.7 A of the coumarin
group, creating the only steric problem in this structure.
Interestingly, this arginine may also have important steric
interactions in the native structure. Mutating Arg-177 to al-
anine improves the catalytic efficiency of APE1, and it may
play a role in moderating the catalytic activity of APE1 (43).
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Arginine is a relatively flexible amino acid, so we con-
sidered the feasibility of Arg-177 moving to accommodate
the coumarin. Energy minimizations were performed allow-
ing Arg-177 and the DNA to move, but holding the rest of
the protein fixed. Little change occurred in the DNA struc-
ture. However, three different rotamers of Arg-177 of ap-
proximately equal energy were found. All three are easily
accommodated with no further rearrangement of the struc-
ture (Fig. 2 C).

Thus the modeling suggests that the large coumarin group
is accommodated in the DNA:APE1 complex with only mi-
nor changes in the native structure. In particular, it suggests
that the coumarin will adopt a position in the complex similar
to the position of the native orphaned guanine. To test this
conclusion experimentally, the sections below look at the
change in both the cleavage rate and binding constant due to
the coumarin modification.

Native APE1 cleaves coumarin-containing DNA

Fig. 3 shows the results from incision experiments with wild-
type APEI1 acting on oligonucleotides with either guanine
opposite the abasic site (guanine:THF, Fig. 3 A) or coumarin
opposite the abasic site (coumarin:THF, Fig. 3 B). The in-
cision rate for guanine:THF (0.465 min~!') was four times
greater than the incision rate for coumarin:THF (0.115 min™ h.
In either case, APEl exhaustively cleaved the DNA over
time. The coumarin modification only mildly reduces the ability
of APE1 to incise the opposing THF. This result is consistent
with the model structure of the DNA:APEl complex, in
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FIGURE 3 Data for incision of oligonucleotides by APEI: (A) with
guanine opposite the abasic site; (B) with coumarin opposite the abasic site.
The dashed curves are fits to first-order kinetics. Each point is the average of
four independent experiments.
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which the coumarin is well separated from the active site
(Fig. 2 A).

Noncatalytic APE1 mutant binds specifically to
modified DNA

Fig. 4 shows representative gels comparing the binding of
the D210N-APE1 mutant to DNA containing either guanine:
THF (A) or coumarin:THF (B). Quantitative results from the
gels are shown in Fig. 5. The 50% binding concentrations are
2 nM for guanine:THF and 170 nM for coumarin:THF, an
85-fold reduction in binding affinity. Nonetheless, APE1 still
binds strongly to the coumarin-containing DNA with sub-
micromolar affinity.

The reduction in binding affinity to the coumarin-con-
taining DNA represents an 11.5 kJ/mol (2.7 kcal/mol) re-
duction in binding free energy. The reduction in binding free
energy is due to a combination of two factors: i), decreased
stability of the DNA:APE1 complex containing coumarin
relative to the complex containing guanine; and ii), any in-
creased stability of the uncomplexed coumarin:THF oligo-
nucleotide relative to the guanine: THF oligonucleotide.

The relative stabilities of the uncomplexed oligonucleo-
tides can be estimated from the change in melting temperature
of each abasic oligonucleotide relative to the corresponding
guanine:cytosine oligonucleotide. Coumarin:THF shows
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FIGURE 4 Representative gels showing binding of oligonucleotides by
D210N APEL1 at various concentrations: (A) with guanine opposite the
abasic-site analog; (B) with coumarin opposite the abasic-site analog. See
also Fig. 5.
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FIGURE 5 Data on the binding of oligonucleotides by D210N APEI (see
also Fig. 4). The data on coumarin:THF (open squares, top scale) have been
shifted 85-fold relative to guanine:THF (solid circles, bottom scale). Dashed
lines mark the 50% binding concentrations. The solid curve is a guide to the eye.

a melting-point reduction of 13°C (6); guanine:
THF shows a melting-point reduction of 11-19°C depending
on sequence context (48,49). The destabilization of coumarin:
THF relative to guanine:cytosine is primarily due to the intro-
duction of the abasic site. The switch from guanine:THF to
coumarin: THF causes only a small change in stability. Most
of the measured change in binding free energy is due to a
reduction in the stability of the coumarin-containing complex
relative to the guanine-containing complex.

The larger change in substrate-binding constant than in
overall rate initially seems surprising, but the same effect
has been seen for other mutants of APE1 (50). APE1 tightly
binds its incised DNA product (51). Under conditions where
the enzyme is undergoing multiple turnovers, the overall rate
may be dominated by the product-release rate and thus be
independent of the substrate-binding constant.

We performed competition experiments with either direct
or nonspecific competitors that lacked the **P label (Fig. 6).
The direct competitor (unlabeled guanine:THF) reduced the
binding of APEI to either guanine:THF or coumarin:THF by
>3-fold (Lane 3). The nonspecific competitor was the same
double-stranded oligonucleotide as guanine:THF, except
that cytosine replaced the THF, eliminating the abasic site.
Within experimental error, the nonspecific competitor did
not reduce APE1 binding to coumarin:THF (18% Lane 2
versus 22% Lane 4), even in the presence of a 100-fold ex-
cess of the competitor. Thus, the APEl specifically rec-
ognizes and binds to the abasic-site analog in both guanine:
THF and coumarin: THF. We conclude that the binding mode
to the coumarin-modified DNA is essentially the same as the
native binding mode, albeit with a reduced affinity.

Steady-state spectra of the DNA:APE1 complex

The right hand side of Fig. 7 shows absorption spectra of
coumarin in several environments as measured by fluores-
cence excitation. The dotted curve shows the spectrum of
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FIGURE 6 Competitive binding assay of D210N-APEI to DNA contain-
ing either (A) coumarin:THF or (B) guanine:THF. Lane 1 shows the labeled
DNA in the absence of the protein. Lane 2 shows the protein binding in the
absence of competitor (18% A, 98% B). Lane 3 shows binding in the presence
of 100-fold excess of unlabeled, specific oligodeoxynucleotide duplex that
has THF opposite coumarin (5%, A) or guanine (3%, B). Lane 4 shows the
binding in the presence of 100-fold excess of unlabeled, nonspecific
competitor DNA that has guanine opposite cytosine (22%, A) (97%, B).

Free DNA

coumarin 102 in pure water. The spectrum of coumarin in
uncomplexed DNA is shown as the solid curve; there is a
shift of ~2000 cm™' to lower frequency. The fact that the
coumarin spectrum in DNA is strongly shifted relative to the
spectrum in water is one piece of evidence that the coumarin
is buried in the helix and not flipped out of the helix into an
aqueous environment. Solvent-accessibility measurements
also support this conclusion (Supplemental Material).
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FIGURE 7 Fluorescence excitation (right) and emission (leff) spectra of
coumarin 102 free in water (dotted line), the coumarin-containing oligonu-
cleotide (solid line), and the complex of D210N-APEI with the coumarin-
containing oligonucleotide (dashed line). The vertical susceptibility scale
facilitates quantitative comparison of absorption and emission spectra (17).
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Our interest is the spectrum of coumarin in the DNA:
APEI complex, which is shown as the dashed curve in Fig.
7. The spectrum is very similar to the one in bare DNA (solid
curve), although there is a small additional shift to lower
frequency of 225 cm ™. This small shift can be attributed to
a change in the preexisting electric field in the DNA:APEI
complex. Given the large structural changes near the cou-
marin upon forming the complex, some change in the local
electric field is not surprising. However, given the large
number of charged groups that move when forming the
complex, it is difficult to assign the shift to any single group.

The main significance of the spectrum for this article is in
relation to the concern that upon forming the complex, the
coumarin might be expelled from the complex and swing
out into the surrounding water. However, the excitation spec-
trum in the complex is typical of a DNA-like environment
and not of an aqueous environment. In addition, there is no
evidence of a shoulder on the high frequency side of the
spectrum of the complex. Such a shoulder would be expected
if there were a minority population of extrahelical coumarin.
These results are consistent with the modeling, which in-
dicates that there is no impediment to retaining the coumarin
near the position of the native base.

Fig. 7 also shows the steady-state emission spectra of
coumarin in water, in DNA and in the DNA:APE1 complex.
These spectra are needed for the analysis of the transient
data. However, a qualitative preview of the time-resolved re-
sults can be obtained from these spectra. The shift between
the excitation and emission spectra (the Stokes shift) reflects
the increased polarization of the local environment of the
coumarin due to the increased dipole moment in the excited
state of the coumarin.

The steady-state Stokes shift in DNA is significantly
smaller than in water. This result is consistent with the con-
clusion of more extensive time-resolved studies, which con-
clude that the effective polarity in DNA is comparable to the
polarity of ethanol (17).

On the other hand, the steady-state Stokes shift in DNA is
nearly the same as in the DNA:APE1 complex, suggesting
that the effective polarities are similar in both environments.
The steady-state results are not conclusive in themselves,
because they do not capture stabilization occurring after the
fluorescence lifetime. However, the more detailed time-re-
solved results presented in the next section will continue to
show a great deal of similarity between the complexed and
uncomplexed DNA.

Time-resolved Stokes-shift measurements on the
DNA:APE1 complex

Fig. 8 shows the results of TRSS measurements in two
formats. In Fig. 8 A, the time-resolved Stokes shifts in com-
plexed and uncomplexed DNA have been shifted vertically
in frequency to maximize their overlap. Over the time window
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FIGURE 8 Time-resolved Stokes-shift measurements of the uncom-
plexed DNA (open circles) and the DNA:APE1 complex (squares). (A)
Relative Stokes shifts. The data have been shifted on the vertical axis to
highlight differences within the measurement time window. (B) Absolute
Stokes shifts relative to the emission in the glass.

of the experiment, the Stokes shifts are nearly identical. The
small difference in the curves at early time is definitely
within the limits of reproducibility. The slightly larger dif-
ference at long times is near the error limits and may or may
not be real. In either case, the primary result is that the dy-
namics in complexed and uncomplexed DNA are very sim-
ilar in this time range.

In Fig. 8 B, the absolute Stokes shift has been calculated as
the difference between the first moment of the emission
spectrum at a given time and the first moment of the steady-
state emission spectrum in a frozen glass. The spectrum in
the glass is used as an approximation to the position of the
emission in the absence of any diffusive, i.e., nonvibrational,
motion in the system. The position of the glass emission is
affected by shifts in the absorption spectrum, changes in the
vibronic envelope of the spectra and by vibrational dynamics
of the DNA or the glassy solvent. Thus, these effects are
removed from the absolute Stokes shift.

In the absence of additional complications, the absolute
Stokes shift should go to zero near 50 fs, where diffusive dy-
namics begin. Measurements with high time resolution on un-
complexed DNA confirm this prediction (20). The fact that
there is a substantial Stokes shift at 40 ps suggests that there
has been substantial shifting within the 50 fs—40 ps range.

The earliest Stokes shift measured for the DNA:APE1
complex is slightly larger than for uncomplexed DNA (Fig.
8 A). These results suggest that there may be a difference in
the dynamics of the two samples at earlier times. Higher time
resolution measurements are needed to confirm this inference.
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The results above rely on characterizing the time-de-
pendent emission spectrum by a single parameter, the mean
frequency. This assumption is only valid if the shape of the
emission spectrum is constant as it shifts. An example of a
violation of this assumption is the case of heterogeneous
dynamics. This case would occur if different helices adopted
different conformations with different relaxation rates and if
those conformations persisted for a substantial fraction of the
experimental time window. Evidence for this type of het-
erogeneity has been reported in electron-transfer experi-
ments in DNA (52).

Fig. 9 tests the assumption of unchanging shape as the
Stokes shift occurs. The emission spectra at different times
have been shifted horizontally by their mean frequencies.
They have been scaled vertically to constant area under the
spectrum, to compensate for the decay of the emission in-
tensity with time. The figure shows that the points com-
prising each of the time-resolved spectra all fall on a common
spectral shape. There is no evidence of dynamical hetero-
geneity, and the mean frequency is sufficient to characterize
the spectral dynamics.

DISCUSSION AND CONCLUSIONS

This article better defines the ability of TRSS experiments on
coumarin-containing, bare oligonucleotides to comment on
the conditions in native DNA and in more complex DNA:
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FIGURE 9 Time-evolution of the shape of the emission spectrum. Spectra
from different times have been shifted in frequency by their first moment w
and the susceptibilities scaled by the spectral area w (17). Points: 40 ps (@),
400 ps (A), and 40 ns (V). (A) Uncomplexed DNA. (B) DNA:APE1
complex. In each case, the points fit a single, common spectral shape (solid
curve). The lack of significant spectral shape change indicates that all
molecules relax at the same rate, i.e., the relaxation is homogeneous.
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protein assemblies. Despite the replacement of a native base
by an unnatural fluorophore, APEL1 is able to bind strongly
and selectively to the coumarin-containing oligonucleotide
and to cleave it. Both the binding constant and cleavage rate
are decreased by a moderate amount, but the fundamental
biochemical function of the system is retained. This result
supports the idea that the dynamics in coumarin-containing
oligonucleotides may differ quantitatively from those in
native DNA, but the qualitative phenomena and mechanisms
acting in native DNA are unchanged.

In previous work, we have seen that solvation dynamics in
bare DNA have a large magnitude and persist for an un-
usually long time. These features make DNA an unusual en-
vironment for chemical reactions. This study has shown that
both the large magnitude and slow relaxation can persist in
DNA:protein complexes. Our results show small changes in
the polarity of the coumarin’s environment that are reflected
in shifts of the steady-state spectrum and an overall dif-
ference in the absolute Stokes shift. However, the total range
of the Stokes shift and the rate of its relaxation are almost
unchanged in the DNA:APEI complex.

Of course, DNA forms a wide variety of protein com-
plexes with very different structures, so the results with the
specific DNA:APE1 complex cannot be assumed to be uni-
versal for all DNA-interacting proteins. However, these
results do show that it is possible for the large polarity and
slow solvation dynamics seen in bare DNA to persist in
DNA:protein complexes, where they can influence the sta-
bility of transition states and the rates of reactions.

Given the large structural changes in the complex, the
small change in dynamics might seem puzzling. However,
it should be kept in mind that the TRSS experiment only
measures the dynamics of local electric fields. Movement
of uncharged structural elements is not seen directly in this
experiment. In addition, electrostatic interactions are rela-
tively long range, so the net electric field averages the con-
tribution from many individual structural elements in the
neighborhood of the probe. Although the model structure of
the complex shows strong distortion of the backbone and
flanking bases, it also shows that the probe remains near the
surface of the protein, with unperturbed solvent forming
much of its local environment. Recent molecular dynamics
simulations suggest that counterion motion may dominates
the long time dynamics in DNA (53). Because a large frac-
tion of the counterion atmosphere remains in this complex,
this idea would be consistent with a small change in the
TRSS dynamics in the complex.

Another interesting result of this study is that APE1 is able
to recognize and act on an abasic site, even with an unnatu-
rally large opposing group. Thus, the ‘‘empty space’’ left in
a helix by the excision of a base is not an essential element for
recognition of the abasic site.

In conclusion, the unusual properties of DNA dynamics
can persist in more complex assemblies with proteins. An
open question is whether other complexes that shield the
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DNA more completely from the solvent produce greater
changes in the dynamics. Fortunately, we have shown that
TRSS experiments are a viable means to address this
question.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophys;j.org.
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